Nitrogen functionalities play a crucial role in determining the sorption capacity and selectivity of organic-based CO 2 solid sorbents. Two main types of solid sorbents are (1) amine-rich compounds used for their distinctive reactivity of amino groups with CO 2 , and (2) N-doped carbons where CO 2 -philic nitrogens impart chemoselectivity to otherwise pure carbon physisorbents. It is of interest to correlate the CO 2 sorption performance of these materials to the chemical changes involved in going from amine-rich polymers to N-doped carbons. To this end, we pyrolyzed amine-rich polyethyleneimine-C 60 (PEI-C 60 ) to N-doped carbons and focused our investigation on how chemical changes and CO 2 capture correlate. In particular, we found that upon thermal treatment in inert atmosphere, PEI-C 60 undergoes an inversion in CO 2 sorption behavior. PEI-C 60 , which better absorbs CO 2 at high temperature (0.13 g/g at 90 C), is converted into pyrolyzed materials with improved CO 2 capture performance at low temperature (0.12 g/g at 25 C). XPS, FTIR, and Raman characterizations reveal a progressive conversion of 2 PEI-C 60 to disordered graphitic carbon including pyrrolic and pyridinic aromatic nitrogens, where the transition from one material to the other goes through a drastic drop of CO 2 capture performance due to the breakdown of the carbon backbone of PEI.
Cu 2 ZnSnS 4 thin films for solar cell fabrication 22 are some examples of the versatility and utility of the different forms of pyrolysis. In the present case, we focused on applying pyrolysis to transform PEI-C 60 in N-doped carbon materials and critically compare their CO 2 sorption performance.
EXPERIMENTAL
2.1 SAMPLES PREPARATION. All materials were used as received. Fullerene C 60 (99.5%) was supplied by Alpha Aesar, polyethyleneimine branched (PEI, Mw 25 kDa), chloroform (+99.8%), toluene (99.9%) by Sigma Aldrich, and triethylamine (99%) by Acros. Ar and CO 2 high purity gases were all supplied by Matheson TRIGAS. 1.00-1.20 g of PEI dissolved in 35 ml of chloroform were added to a solution of 0.12 g of C 60 in 150 ml toluene with 6 ml triethylamine.
A dark-brown precipitate made of PEI-C 60 was formed and then filtered on a PTFE membrane 0.45 m pore size. Excess chloroform was used to wash the precipitate which was resuspended in 50 ml chloroform and filtered again as before. The precipitate was dried and collected as a clustery/rubbery brown solid. The thermal treatment in inert atmosphere of PEI-C 60 was performed with a TA Instruments SDT Q600 TGA/DSC. 5-15 mg of sample was loaded in an alumina pan and heated up to a set pyrolysis temperature at a rate of 10 C/min while flowing Ar at 50 ml/min. A final temperature of 100, 200, 300, 400, 500, 600, 700, 800, 900, and 1000 C was held for 15 min. The pyrolyzed samples were allowed to cool down and transferred to the characterization equipment under Ar.
2.2 SAMPLES CHARACTERIZATION. The CO 2 capture performance of as prepared and thermolyzed PEI-C 60 was characterized using a TA Instruments SDT Q600 TGA/DSC. PEI-C 60 was loaded in an alumina pan and thermally treated; after treatment, the resulting material was immediately characterized for isothermal CO 2 sorption. The CO 2 capture capacities are given in g CO 2 per g sorbent materials (g/g). X-ray photoelectron spectroscopy (XPS) was performed using a Physical Electronics PHI Quantera SXM equipped with an Al X-ray monochromatic source (K 1486.6 eV) set at a 200 mm beam diameter and a 45 incident angle. Binding energy referred to adventitious carbon (C1s 284.8 eV). The high-resolution spectra were fitted with peaks using mixed Gaussian-Lorentzian curves after subtraction of a Shirley-type background.
For comparison purposes, the full width at half maximum (FWHM) of the peaks of pyrolyzed sample was fixed at 1.4 eV. Raman spectroscopy was performed using a Renishaw inVia Raman microscope equipped with a 633 nm laser. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was performed with a Nicolet Nexus 670 FT-IR with a diamond window.
RESULTS AND DISCUSSION
PEI-C 60 was thermally treated in Ar at various temperatures and the CO 2 uptake evaluated after each treatment, as presented in Figure 1 . The treatment temperatures were 100, 200, 400, 600, 800, and 1000 °C. The weight loss and heat flow profiles recorded during pyrolysis are given in Figure S1 of the Supporting Information. The CO 2 uptake was carried out at three different temperatures 25, 45, and 90 °C. At 25 °C, it is evident that the CO 2 capture capacity of PEI-C 60 increases with increasing temperature of treatment ( Figure 1a ). In particular, the capture capacity goes from about 0.005 to 0.12 g/g for PEI-C 60 treated at 100 and 1000 °C, respectively. At 45 °C, the CO 2 absorption capacity of the sample treated at 100 °C is higher than that treated at 200 °C (Figure 1b) , which capacity is roughly unchanged compared to that measured at 25 °C ( Figures   1a and 1b) . Interestingly, the CO 2 sorption capacity of the sample treated at 800 C surpasses that of PEI-C 60 pyrolyzed at 1000 C, and overall the capacities of all samples are lower than those recorded at 25 C. At 90 °C, the absorption capacity of PEI-C 60 heated at 100 °C improves drastically climbing well above that of all other materials treated at higher temperatures. PEI-C 60 performs particularly well at higher sorption temperatures because of the increased diffusion of CO 2 in the bulk of the material. [9] [10] [11] A comparison of CO 2 capture capacities in function of the treatment temperature is given in Figure 1d . A peculiar feature of this plot is the presence of an inversion point at 200 °C where the CO 2 absorption capacity is lowest and does not change significantly with the temperature of absorption. For treatment temperatures below 200 °C, the CO 2 absorption capacity of PEI-C 60 excels at higher temperature. For example, the capacity of the sample treated at 100 °C goes from 0.005 to 0.13 g/g at temperature of absorption of 25 and 90 °C, respectively. This trend is reversed at treatment temperature above 200 °C. In particular, the CO 2 absorption capacity of the sample pyrolyzed at 1000 °C is higher at low temperature reaching its maximum capacity of about 0.12 g/g at 25 °C. The CO 2 capture capacity of the resulting N-doped graphitic materials (up to 2.72 mmol/g) is below that of other previously developed N-doped carbon-based materials, e.g., 5.14 mmol/g for highly porous N-doped activated carbon monoliths at ambient pressure and temperature. 23 However, we want to emphasize that the focus of the present work is to identify the relationship existing between CO 2 sorption and chemical changes of amine-rich polymer composites upon thermal treatment in inert atmosphere.
Furthermore, in terms of CO 2 sorption kinetics, a comparison of the CO 2 sorption curves of pyrolyzed PEI-C 60 ( Figure 1) indicates that pyrolyzing at higher temperature affords materials with faster sorption kinetics because of the increasing contribution of physical sorption over chemical sorption in samples pyrolyzed at higher temperature. In fact, the sorption capacity of physical sorbents is known to increase with decreasing sorption temperature, as observed in the present case for all pyrolyzed samples. On the other hand, for the as prepared PEI-C 60 chemical sorption is still effective at high temperature given the reactivity of CO 2 with amines. PEI-C 60 is the only sample with increased CO 2 capacity and faster kinetics at high temperature opposite to what observed for the pyrolyzed samples.
The effect of thermal treatment on the weight and composition of PEI-C 60 is presented in Figure 2 . PEI-C 60 loses about 30% of its original weight upon heating at 100 °C ( Figure 2a) ; this is mainly due to the removal of adsorbed gases and moisture present in the material. 9 In this regard, it is important to notice that thermal treatment at 90-100 °C does not alter the CO 2 absorption performance of PEI-C 60 . 9 Interestingly, the weight loss is essentially the same when PEI-C 60 samples have been characterized using XPS to obtain information on the chemical changes induced upon thermal treatment. The C1s and N1s high resolution spectra of PEI-C 60 before and after thermal treatment are presented in Figure 3 . From a quick look at the signals, it is evident that the composition of the samples changes drastically upon heating in inert atmosphere. In the case of as prepared PEI-C 60 two peaks are found for both C1s and N1s, whereas multiple peaks start appearing already after treatment at 200 C. More peaks are recorded for higher treatment temperatures. The evolution of the peaks with corresponding assignments is discussed below.
The fitting results of the XPS C1s spectra of PEI-C 60 are collected in Table 1 . For comparison purposes, all spectra were deconvoluted with peaks of fixed FWHM at 1.4 eV. The fitting peaks are separated and organized in groups each belonging to a specific assignment group. The as prepared PEI-C 60 has two peaks associated to the aliphatic (C-C) and amine (C-N) The source of oxygen during thermal treatment in Ar flow is likely due to residual absorbed CO 2 , which is known to act as a soft oxidizing agent. 24 Heating up to 600 C caused a further oxidation of the sample with a range of new functional groups appearing with peaks at higher binding energy associated to the carbonyl groups of aldehydes, ketones, carboxylates, and possibly carbonates or π→π* shake-up satellites of aromatic structures. [25] [26] [27] Shake-up satellite peaks correspond to the photoemission of C1s core electrons with lower kinetic energy (higher binding energy) due to the transfer of part of their energy to (and consequent 'shake-up' excitation of) the valence electrons of the aromatic moieties (π→π* transitions). 28 After pyrolysis at 800 and 1000 C the aromatic peak of C 60 is not found -it is known 29 that the decomposition or transformation of C 60 in inert atmosphere already begins when it is heated above 600 C -whilst a main peak at 284.8 eV could be assigned to the presence of nested carbazole moieties or graphite-like sp 2 hybridized carbons. 30, 31 The simultaneous presence of peaks at about 286 and 288 eV suggests that nitrogen could be incorporated in a graphite-like structure, similarly to what has been observed for N-doped graphene where peaks at similar binding energy were attributed to C-N bonds and oxygenated group structures. 31 In support to these assignments there is also a C/N atomic ratio (Figure 2c The N1s spectrum of as prepared PEI-C 60 is best fitted with two peaks at 398.2 and 399.0 eV corresponding to the different amine groups present in PEI (Figure 3) . Branched PEI has primary, secondary and tertiary amine groups (roughly in the ratio of 1:1.2:0.76, respectively, as from supplier specification) that are subject to different chemical environments. The peak at 398.2 eV is likely related to more substituted amines, secondary and tertiary, while that at 399.0 eV to the primary amines. The rationale behind this assignment is that the peak position (chemical shift) is dependent on the electron density present on the nitrogen. Nitrogen bonded to more alkyl groups (i.e., secondary and tertiary amines) is subject to a positive inductive effect that causes an increased electron density on the amine nitrogen. A higher electron density allows for a lower binding energy of the photoemitted electrons since it is easier to remove an electron from an electron enriched atom. This is a known effect, particularly in halogenated organic compounds where the strong inductive of effect of perfluorinated alkyl substitutes is responsible for large chemical shifts. 32 A number of new peaks appear in the XPS N1s spectra of PEI-C 60 upon thermal treatment ( Figure 3) . The peak positions, relative intensities, and suggested assignments are given in Table   2 . Previous work by Kaptejin and co-workers 33 on the evolution of nitrogen functionalities in carbonaceous materials during pyrolysis helps in the assignment of the XPS peaks. Upon thermal treatment, the peaks of pyridinic-N and pyrrolic-N appear in the XPS spectra of pyrolyzed PEI-C 60 at 398-399 eV and 400 eV, respectively. The latter one can also be related to pyridone moieties found at about 400.6 eV. 33 At higher binging energy, the peaks at 401 eV are associated to nitrogen atoms with a formal charge of +1 (quaternary nitrogen), 33 possibly in the form of pyridinium-N such as pyridinic-N protonated through the formation of a hydrogen bridge with a nearby hydroxyl or carboxyl group. 33 Moving further up, the peaks at 402-405 eV are tentatively associated to oxidized nitrogen. 33 Given these assignments, it is possible to evaluate the effect of pyrolysis on the nitrogen functionalities of PEI-C 60 .
Heating PEI-C 60 at 200 C caused the conversion of part of the amine groups to pyridinic and pyrrolic nitrogen. The peak at lower binding energy, 397.3 eV, cannot be related to the presence of nitrile groups since their characteristic vibrational absorption bands are not observed in the IR spectra (vide infra). Tentatively, this peak could be associated to imine nitrogen atoms, as those present in emeraldine base polyaniline, for example. 28 A further increase of the pyrolysis temperature from 400 to 1000 C takes the total amount of pyridinic-N + pyridinium-N to about 60%, that of pyrrolic-N to about 20%, and the remaining is oxidized N. This evolution is in agreement with what previously observed in the XPS C1s spectra. Upon thermal treatment in inert atmosphere, PEI-C 60 is converted from a polymer composite characterized by many primary, secondary and tertiary amine functions to an N-doped graphite-like material where nitrogen is mainly integrated within 6-membered pyridinic rings, partially in 5-membered pyrrolic rings, or oxidized. In terms of CO 2 capture, these nitrogen and oxygen sites are directly involved in the physical interaction of CO 2 with pyrolyzed PEI-C 60 . It is known that the presence of heteroatoms embedded or attached to graphitic layers can enhance CO 2 capture. This enhancement is associated with the electrostatic interactions between nucleophilic nitrogen and electrophilic CO 2 . 34 In particular, N-doped graphitic carbons have the potential advantage to combine nucleophilic nitrogenated sites with surface defective regions where sp 3 hybridized carbon can affect the localization of electron density in sp 2 curved regions and facilitate CO 2 adsorption.
34,35
The evolution of the chemical functionalities of PEI-C 60 upon thermal treatment has been further investigated using ATR-FTIR, as presented in Figure 4 . From the infrared spectra, it is once more evident that PEI-C 60 undergoes major chemical changes with increasing pyrolysis temperature. The IR spectrum of as prepared PEI-C 60 is characterized by two distinct sets of absorption bands. One set at 2500-3500 cm -1 is made of two contributions: (1) the C-H symmetric and asymmetric stretching of PEI (2500-3000 cm -1 ), and (2) the N-H stretching of PEI possibly superimposed to the O-H stretching of adsorbed water (3000-3500 cm -1 ). The other set of IR bands is at 1000-1800 cm -1 associated to the vibrational deformation of the methylenes of PEI (wagging at 1300 cm -1 , and scissoring at 1450 cm -1 ), and to N-H and NH 2 + deformation (1550-1650 cm -1 ), and C-N stretching (1100 cm -1 ). 36 These last features are referred as to the "fingerprint" region of an infrared spectrum since it collects a populated series of vibrational absorptions specifically correlated to the chemical functionalities of a compound. Changes of peak intensities and positions in this region are expected when a material undergoes transformation, as observed in this case for PEI-C 60 . Clearly, as the temperature of pyrolysis is increased, the fingerprint bands of PEI merge into a broader and featureless band that flattens almost completely at 800 C. Nonetheless, the broad absorption feature observed in the range of It is interesting to look at the progressive transition in chemical functionalities of PEI-C 60 after thermal treatment in the lower temperature range, as from the fingerprint region of the infrared spectra of PEI-C 60 shown in Figure 5 . From an overall look at the spectra, heating above 400 C causes a complete loss of features, as previously discussed. Otherwise, the treatment at 100 C does not introduce any significant changes in the spectral features, meaning that the material is chemically stable at that temperature. Instead, already at 200 C most of the absorption bands of PEI start fading, with in particular the band at 1100 cm -1 of C-N stretching entirely gone. At the same time, the intensity of the band of N-H deformation at 1650 cm -1 is strongly increased suggesting a breaking of the C-N bonds to form free amine groups, at the expense of the backbone integrity of PEI. The thermal braking of the C-N bonds of branched PEI has already been reported in the literature. 39 Products of thermal decomposition of PEI in inert atmosphere are ammonia, ethylamine, pyrrole and C-substituted ethylpyrroles. 38 C=C double bond formation has also been observed upon PEI thermal degradation (fracturing of C-N bonds with hydrogen transfer). 39 These findings combined with a correspondent observed drop of CO 2 absorption performance of PEI-C 60 after heating at 200 C (Figure 1d ), suggests that the breaking down of the PEI backbone is the cause of loss of performance. Heating at 200 C in Ar, converts an as prepared spongy and dry-in-feel PEI-C 60 into a sticky material that has very low CO 2 capture capacity at all investigated absorption temperatures. We propose that this change is due to the generation of amine groups upon breaking of the C-N bonds, the strong hydrogen bonding of these amines makes the material sticky and viscous causing a drop of CO 2 capture capacity.
More amine groups do not always imply higher CO 2 capacity; pristine PEI serves as an example, also a sticky and viscous material where the strong hydrogen bonding between amine groups makes it a poor CO 2 absorbent.
The Raman spectra of PEI-C 60 before and after pyrolysis are compared in Figure 6 . As prepared PEI-C 60 has two very broad and weak Raman bands that are difficult to correlate to any specific scattering process. No changes are observed upon heating at 200 C. Instead, when the temperature is brought to 400 C a peak appears and grows out of the background at 1600 cm -1 for pyrolysis at 600, 800 and 1000 C. At these temperatures a second broader peak is also evident at 1300 cm -1 . These two peaks are the D (defective carbons) and G (graphitic basal plane carbon) bands typically found in this form and relative intensity for poly-crystalline and noncrystalline graphitic carbon. 40 Furthermore, graphitic materials usually have a G or 2D band at about 2600 cm -1 that in the present case may be either very broad or not present due to structural disorder or damaging of lattice. 41 Combing these findings with those previously discussed for the converted from a cross-linked amine rich polymer composite to a disordered N-doped graphitic material characterized by the presence of pyrrolic, pyridinic , and oxidized nitrogens.
CONCLUSIONS
A detailed spectroscopy study of PEI-C 60 thermally treated in argon over a wide range of 
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Thermogravimetric profiles and XPS surveys of materials. This information is available free of charge via the Internet at http://pubs.acs.org/.
